The Object Constraint Language (OCL) 
Introduction
The Object Constraint Language [18] was proposed as a way to bring additional precision to analysis or design models defined with the Unified Modeling Language (UML) [2] . OCL is currently part of the UML standard and a new version (OCL 2.0) is about to become a standard along with UML 2.0. However, a number of authors recommend against using OCL [12] 1 or leave it out of their proposed methodologies [9] . Others recommend it only during low-level design [5] . Furthermore, very few organizations using UML currently make any use of OCL. Though it is clear that OCL brings precision to modeling activities and offers a number of potential benefits [3, 6, 11] , the question comes down to assessing whether the additional effort and formality bring any tangible benefits in practice. This is akin to the old, on-going debate in software engineering regarding the degree of formality required in early phases of development to develop high-quality software. This paper reports on a controlled experiment performed in a university setting. The students involved are 4 th year computer and software engineering students who have been carefully trained in UML-based software development over several courses. As further discussed below, the choice of performing a controlled experiment was made to control for other extraneous factors which could have affected the results (e.g., Ability) and to ensure people were all adequately trained.
Though effort was a constant here all students spent roughly the same time to perform the tasks our goal was to determine whether OCL would make a practically significant difference. Results showed that the use of OCL, combined with UML, offer significant benefits, both in terms of model comprehension and maintainability, but only after a certain learning curve is overcome. This paper only reports on part of the experiment, additional results are available in [4] .
The paper is structured as follows. Section 2 describes the experiment objectives and design. Section 3 reports on the results of each step of the experiment, and we draw conclusions in terms of practical significance and future work in the last section.
Experiment Planning
The structure of this section follows the template provided in [19] , a well-known textbook on experimentation in software engineering.
Definition of the Experiment
The purpose of this experiment is to evaluate the impact of using OCL, combined with UML (class diagrams, statecharts, sequence diagrams), on understanding and modifying a UML analysis document [5, 13] and therefore its corresponding system logic. We are, however, not able to perform a cost-benefit analysis as effort in our experiment design is constant: Nearly all students spend the entire time available performing the tasks assigned to them. This is typical of controlled experiments where time is usually limited, and case studies in industrial settings will likely be required to assess the cost of using OCL.
Analysis documents are the first UML models to be produced in most methodologies. They are different from subsequent design documents as they do not provide architectural information but mostly focus on the functionality and logic of the system to be developed, though they also yield an emerging class structure which is the starting point of the design phase. (These analysis models are incomplete as only application domain classes are documented.) Analysis is considered a critical stage of development as all subsequent phases depend on it.
Context and Material
The context of the experiment is a 4 th year computer and software engineering course at Carleton University. Students have been carefully trained in object-oriented (OO) development with UML in at least three previous courses, with an increasing focus on software modeling. The focus of this last course (about 40 hours) is to make them use what was learnt in the context of a well-defined development process, including analysis and design phases. Two analysis documents are used for a Cab Distribution system (CD) and a Video Store system (VS), respectively. Those documents represent a complete Analysis including a set of consistent diagrams. For the versions containing OCL constraints, OCL was used to document the following aspects of the models, which are typically documented in natural language (see an example in Figure 1 ): operation preconditions and postconditions, class invariants, guard conditions in statecharts, path conditions in sequence diagrams. All these constraints provide more precise information on potentially important aspects of the analysis models which would otherwise be documented in natural language. A number of people consider, however, such additional effort to yield little benefit [12] . Both analysis documents (CD and VS) are approximately forty pages long and are somewhat comparable in terms of complexity and size, as illustrated in Table 1 . We discuss below, in Section 2.5, how we prevented the differences from affecting our results. 
Hypothesis formulation
In this experiment, we investigate the impact of OCL on two dependent variables:
Comprehension (C): This variable captures the capability of subjects to answer questions about the system functionality and logic. This is measured as the number of correctly answered questions in a carefully designed questionnaire, during a one hour and a half session.
Maintainability (M):
This variable focuses on the capability of subjects to determine what elements of the UML analysis models will need to undergo change based on requirements change descriptions. This is measured, during a one hour session, based on a carefully designed questionnaire where a number of changes are described and subjects are expected to list all affected model elements (e.g., classes, operations, attributes). Questionnaires and data collection procedures are further discussed in Section 2.6. One important point is that questions were specifically defined so that they could be answered with or without OCL constraints. It was, however, hypothesized that OCL constraints contained clearer and more precise information. For instance in Figure 1 , OCL pre and post-conditions provide clearer, more precise information than the textual description (e.g., on the attributes and links modified) for operation cancel() in class Reservation (VS). States are further described with state invariants in OCL but are not shown here due to size constraints. Based on the above variables, we can formulate the following null hypothesis (H 0 ) to be tested for each dependent variable: There is no difference in Comprehension and Maintainability between subjects working on UML Analysis documents including and excluding OCL constraints (denoted below as variable Method). The alternative hypothesis (H a ) is that OCL affects performance for our two dependent variables. To be more precise, H a should be one-tailed: We expect OCL to increase performance.
In addition to whether or not OCL was used in the Analysis documents, we wanted to collect data regarding the ability of subjects with respect to UML modeling (denoted Ability below). This was considered important as it is a well-known fact that variations in human ability create substantial differences in experimental task outcomes. This may prevent us from seeing a significant effect of OCL on our dependent variables. We therefore measure Ability by using the grades of the students from a previous UML modeling course that we think is directly relevant to the tasks at hand. Two of the authors of this paper were instructors for this course. Ability is then used to refine the data analysis and to increase our chances to see an effect associated with the use of OCL.
Selection of subjects
The subjects selected were the 38 students registered in our last, most advanced software engineering course as we wanted the subjects of our experiment to have achieved a reasonable level of technical maturity and knowledge with respect to UML-based, OO development. Students were familiar with the concepts of contracts (pre-and post-conditions), state invariants, and class invariants. We saw no need to screen students as variations in ability are also present in industrial settings and as most of these students will actually become certified engineers within a year, thus being representative of new graduates entering the software engineering profession. The experiment was part of a series of compulsory laboratory exercises. Students were told they would not be graded on performance but that they were expected to perform their tasks in a professional manner to obtain the points assigned to the lab. (All students were monitored by the authors during their lab work.) Students were aware that we were attempting to evaluate the impact of OCL as well as improving their practical training in UML and OCL but they were not aware of the exact hypotheses we were testing or what results we were hoping to obtain.
Experiment design and layout
We first specify the experiment layout: Students were assigned to one of 4 groups, and the tasks they performed over 4 laboratories (3 hours each), as well as the order of the tasks, are summarized in Table 2 . The rows represent the four subsequent labs students went through (each lab being a week apart) and the three tasks they performed, whereas the columns are the 4 groups of subjects. The table cells show, for each group, which system they worked on and whether they had OCL constraints for it. Note that this paper presents only the results related to Laboratories 2 and 4. Results on whether OCL helps defect detection in UML models are presented in [4] . This experiment only involves one factor whose effect is of interest to us: whether or not OCL is used in Analysis documents. We could have used a simple, completely randomized one-factor design, but we wanted to account for individual differences in such a way as to increase the statistical power of our analysis and ensure this would not create any systematic bias in our results [8] . One way to do the latter is to adopt a randomized block design [19] whereas the former can be addressed by accounting for subjects' ability during data analysis. Another advantage of proceeding this way is that we can study the interaction between subjects' ability and OCL (see Section 2.7 on data analysis).
Students were therefore grouped (into "blocks" composed of 20 and 18 students, respectively) according to whether or not they had obtained a minimum grade of B-in the previous course on UML and OCL. Admittedly, other ways to capture ability and form blocks could have been considered, but our focus here was on their UML modeling capability and, as instructor of their previous courses on this topic, we felt it was the best alternative. Each of the four groups was then randomly assigned students from both blocks in nearly identical proportions. It was also important for us, in order to facilitate the data analysis, that each of the four groups be of approximately the same size (~8 in this case). For each task, each subject worked individually on each of the two systems, using UML+OCL in one case and only UML in the other. Each student performed all the tasks that were planned regarding Comprehension and Maintainability on both systems. Students were also prevented from collaborating and this could easily be monitored as tasks were performed in a laboratory setting.
The rationale for making subjects work on both systems was to (1) maximize the number of data points (observations) so as to increase statistical power, (2) to ensure that the differences in systems' complexity would not bias the results (though we selected models of "similar" complexity), and (3) to give the opportunity to every student to learn the same material. However, when asking experimental subjects to perform several times similar tasks (e.g., impact analysis) and use the same techniques (e.g., OCL contracts), we are subject to learning or fatigue effects [8] and we need to ensure they do not confuse the results. This was done in two ways. First, two of the groups used OCL the first time they performed the task whereas the other two groups did so the second time around, thus ensuring learning effects would not be confounded with OCL effects. As described in Section 2.7, our data analysis procedure also accounts for learning effects and quantify them.
Second, we used 4 groups of participants instead of 2 in order to avoid ordering effects (e.g., learning or fatigue effects) being confounded with system effects. For example, if all participants in group 1 would have used first the VS system with OCL (and then the CD system without OCL) while all participants in group 2 would have started with non-OCL documents on the CD system (and then VS with OCL), we could have observed that OCL helps more on the VS system as people in group 2 had more time to further mature their knowledge of UML and OCL. We would have then been unable to assess learning effects or system effects as they would be entirely confounded.
Another result of our design choices is that all groups use each of the two systems twice in a row, sometimes using OCL first or second. One may therefore ask whether this is a threat to the validity of the results. First it is important to observe that when the system is used twice in a row, it is to perform a different task and the data collected will be part of separate analyses (i.e., for different dependent variables). So if there is a system learning effect, say for Group 1 from Lab 1 to Lab 2, this will result in a better comprehension and maintainability performance. But that learning effect will affect all groups and we can still pool together the four groups' data for analysis purposes. On the other hand, the data of Lab 1 and Lab 2 will never be analyzed together. Furthermore, we expect that system learning effect to be weak as labs take place a week apart and students do not have access to documents between labs. Therefore, we also do not expect people to remember OCL expressions from one week to the other, and certainly not the level of detail where the performance of non-OCL groups would get closer to that of OCL groups. However unlikely, even in the situation where people would remember OCL expressions from one week to the other, this would result in decreasing the impact of OCL but could not create an inflated difference between OCL and non-OCL performance scores. 
Two additional, related issues that can be raised from Table 2 are the possible exchange of information among students between labs and the possibility they might have kept working on the tasks outside the laboratory environment, thus invalidating our assumption that the effort spent on the tasks is nearly constant. This was prevented in several ways. Students were not aware of the detailed plan for the labs and therefore did not know they would have to perform the same tasks as their fellow students from other groups at a later point. Second, as mentioned above, students did not have access to the lab material between labs, whether the system descriptions or questionnaires. As a result any collaboration or continuation of the work between labs was unlikely and difficult.
Instrumentation
Besides Analysis documents, a number of forms were used in the experiment. A pre-lab survey questionnaire was distributed to obtain information about the background of the experiment participants, e.g., their UML experience, the program they belong to, their industrial experience. After the completion of both Comprehension and Maintenance tasks, forms were also distributed that asked specific questions about the system. Comprehension questions ask the students about the system internal logic and functionality. Figure 2 shows an example of such question for the VS system. There were 20 such questions for each system, amounting to a maximum score of 20.
Figure 2. Example Comprehension question
Which attributes/associations should be checked to verify that a reservation is outstanding? A. The "whenOutstanding" is not empty. The "whenFulfilled" is empty. The "whenCancelled" is empty. The "whenExpired" is empty. B. The "whenOutstanding" is not empty. The "whenFulfilled" is empty. The "whenCancelled" is empty. The "whenExpired" is empty. The size of "heldcopy" is one. C. The "whenOutstanding" is not empty. The "whenFulfilled" is empty. The "whenCancelled" is empty. The "whenExpired" is empty. The "heldcopy" is empty. D. The "whenOutstanding" is not empty. The "whenFulfilled" is empty. The "whenCancelled" is empty. The "whenExpired" is empty. The size of "heldcopy" is >0. E. Other answer: _______________________________________ Maintenance questions are focused on impact analysis. Students are provided with change descriptions and are asked to list model elements that will have to undergo change (in the model or corresponding code). Figure 3 shows an example of such question for the VS system. There were 6 such questions for each system, amounting to a maximum score of 71 and 60 for Cab and Video, respectively (data were normalized), i.e., corresponding to the total number of model elements undergoing change.
Figure 3. Example maintenance question
The video store company decides to limit the maximum number of unfulfilled reservations that a Member can perform in a day. Each member may have a different limit. 1. Which class(es) must be modified? 2. Which modifications (addition, change of attributes, operations, and/or operations' contracts) must be made in this (these) class(es)?
All comprehension and maintenance questions were selected according to a number of criteria:
1 They had to cover different aspects/parts of the systems, to the largest extent possible. 2 They should not be trivial or nearly impossible to answer based on the available information. 3 They could be answered with or without OCL. If we had introduced questions that could only be answered with OCL expressions then the experiment would have no point as the results would then become obvious. Such questions are, anyway, difficult to find, and are expected to be rare in practice. 4 Last but not least, the questions had to be relevant, that is had to concern information of interest. In other words, we had to feel that those would be questions that software engineers could ask about the system. For example, maintenance changes had to be plausible changes. In addition, because we wanted to gain enough insight to strengthen and explain our results, we distributed survey questionnaires after the execution of each Comprehension and Maintainability task. Questions asked students about whether they had enough time to perform the task, how easy the task was to perform, whether they understood the system's functionalities, or whether the lab instructions were clear and easy to follow. Moreover, for those using OCL, questions were asked about the amount of time used to read OCL expressions, how easy they were to understand, and how helpful they were perceived to be. Most questions were answered on a Likert scale from 1 (Strongly agree) to 5 (Strongly disagree), following recommended templates [14] . Figure 4 shows an example questionnaire for the comprehension task. 6. The lab instruction is clear and easy to follow. 7. The OCL expressions in the document were easy to understand. 8. The OCL expressions in the document made the system easier to understand. 9. The OCL expression in the document helped to clear up some ambiguities. 10. The OCL expression in the document helped me to answer the questions in this module. 11. How much time did you spend in understanding the OCL expressions during this lab (scale: <25%, 25% and <50%, 50% and < 75%, 75%)?
Analysis Procedure
We are only interested in the effect of one factor-the presence or absence of OCL expressions in an Analysis document-on our two dependent variables: Comprehension and Maintenance. A simple statistical test (e.g., t-test) [7, 10] would do for that purpose as our factor has only two levels. Because most of our students performed the same task with and without OCL, we can use a paired t-test 2 and gain additional statistical power by removing individual differences [7] . We also need to consider possible ordering effects which are impossible to avoid (e.g., learning effects) and determine whether it interferes with our analysis. To do so, we will test whether the difference between UML+OCL and UMLOnly scores can be explained by whether OCL is used in Lab 2 or Lab 4. If this is the case, the data of each Lab may have to be analyzed independently.
Because we expect student ability to have a strong effect on the task results, and though we control for ability in our design, in order to refine our data analysis, we will use a two-way ANOVA using Ability as a factor as well. Though we controlled that effect and tried to minimize it by using comparable system models, a threeway ANOVA that includes a system variable could be considered as well, but the available data does not permit it and this is left to future work. The reason why two-way ANOVA may be interesting is two-fold [7] . First, this allows us to investigate interaction effects between ability and the use of OCL (Method). Perhaps, OCL has a different effect on students of different ability. Second, by introducing ability into the analysis, the variation it explains is removed and the analysis of the effect of OCL becomes as a result more powerful, e.g., we are more likely to see any significant effect if there is one.
When looking at ANOVA result tables, we want to determine whether sample means in the groups formed by Ability and Method categories are significantly different, i.e., that the independent variables have a significant impact on the dependent variables (i.e., Comprehension, Maintainability) and that the variations in means could not have been obtained by chance alone. This is typically captured by the results of a F-test as a p-value [7] : the probability that we could obtain the results we observe if the populations from which the group samples are drawn had equal means (e.g., in terms of Comprehension score). Another standard statistic measures the strength of the relationship between each of the independent variables and the dependent variable. It is denoted as E 2 and computes the relative improvement in our ability to predict the value of the dependent variable when we know what factor level (value, category) an observation belongs to [10] it is in many ways similar to R 2 in regression analysis. Examples of the above statistics are provided while discussing the first table in Section 3.
The ANOVA procedure is based on a number of assumptions. Each combination of factor levels (e.g., OCL and high Ability) has to be assigned subjects in a random fashion (with possibly blocking as a constraint). It should also have an equal number of observations (subjects). The dependent variable should be, for each factor combination, normally distributed and the variance should be equal. Obviously, the last two assumptions are nearly never met in practice. But ANOVA is known to be very robust to departures from these assumptions [10] , especially when the sample sizes are equal or similar for each factor combination. If the differences are not too large, unequal sample sizes do not prevent the use of ANOVA, it just makes it more complex to interpret its results: The results may depend on the order in which factors are included in the model. Without further expanding on this, due to size constraints, in our experiment the differences in sample sizes exist but are rather small (see Tables in Section 3 ). As expected, departures from normality and equal variance assumptions exist, but they are only mild. A detailed analysis shows that differences in variance are not statistically significant and the dependent variable distributions do not show extreme outliers or multi-modal distributions, thus exhibiting only mild departures from normality. Moreover, we are in a situation where we are only interested in the effect of one variable (OCL) and the other factors are merely used to refine this analysis. In that case, it is recommended to include the important variable last in the model. In other words, we test to which extent OCL explains the remaining variation after the effect of Ability has been accounted for. Though the differences in sample sizes are very small in our case, we will follow this procedure to be on the safe side.
With respect to the survey questionnaires, one goal is to detect differences (e.g., in terms of their perception of the usefulness of OCL) between groups using UML+OCL and UML-Only. Such data are used to better explain and support our quantitative results. A simple t-test [7] for independent samples is used for that purpose. This test is one-tailed as we expect OCL to have an effect in a specific direction based on the ANOVA results (e.g., questions are easier to answer and therefore exhibit better scores with OCL). When comparing differences in the central tendencies of questionnaire data between subsequent labs our goal is to monitor for learning effects and explain differences in results that may be observed. Since groups of students are identical when comparing subsequent labs, we use a statistical test for paired samples, the paired t-test [7] . This test is also one-tailed as we expect a learning effect over subsequent labs and therefore a performance improvement in terms of questionnaire scores.
Threats to validity
The main threats to validity in this experiment are related to external validity. Like any student experiments, the issue of whether the subjects are representative of software professionals arises. Recall that and it is unusual for student experiments our 4 th year engineering students are probably better trained at software modeling with the UML and OCL than most software professionals. So, if there is an issue here, it is not the lack of knowledge and experience of our subjects, but rather that they represent the ideal, unusual case of people having been through a thorough UML training. However, an increasing number of software engineering graduates with such modeling skills are now integrating the software industry and should therefore become, slowly but surely, the norm. Moreover, the difference between students and professionals is not always clear cut, as reported in a recent experiment [1] : the performance of undergraduate and graduate students (whose expertise is similar to the one of our students) at maintaining a UML design was not found to be very different from the performance of junior and intermediate professional consultants.
Another external validity issue, which is unfortunately inherent to controlled experiments, is the size and complexity of our system models. The question is then whether OCL would have an equal, weaker, or stronger impact has the system models been vastly more complex. We cannot answer that question and we see controlled experiment such as the one presented here as a first step before assessing whether actual case studies in industry settings should be even considered.
In terms of internal validity, we have prevented any confounding effect due to the system being used, the ability of students and the order of performing the tasks.
Construct validity is related to our measurement instruments, including the comprehension and maintenance questionnaires. Questionnaires were produced by one of the authors, who was not involved in the modeling of the two systems, so as to cover as many parts of the models as possible, while being answerable within the time available. Questions also had to be answerable with or without OCL so as not to bias the results in favor of using OCL. This is, however, a conservative decision as questions that require OCL to be answered may actually exist. Questions were phrases so as to be answered either as multiple choices questions (Comprehension) or by providing a list of model elements (Maintenance), thus both leading to an easy measurement of the subject performance.
The survey questionnaires focus on capturing the perception of the subjects on their tasks. They are not meant to (statistically) show the impact of the independent variable (Method) on our dependent variables but, rather, our objective is to support and explain our quantitative results by providing qualitative insight from the questionnaire data. We followed standard ways of designing survey questionnaire [14] and phrase subjective questions so as to avoid bias and increase reliability of answers. However, a possible bias could have been the following: When asked about their perception of the usefulness of OCL, students could have answered what they thought was expected by the experimenters. Evidence shows this was, however, not the case, as discussed in Section 3.
Analysis Results
We first start this section with some simple preliminary analysis that will help justify our subsequent analysis steps. Sections 3.2 to 3.5 then present the results of our data analysis one lab at a time, using standard descriptive statistics, ANOVA tables, and graphs of means [7] . The main reason for looking at each lab separately is to account for the learning effects that are suggested by our preliminary analysis when answering our research question about the impact of OCL. In each subsection, Descriptive statistics tables show number of observations (Size) and mean values (Mean), i.e., mean number of correct answers during comprehension and maintenance, whereas ANOVA tables report ANOVA analysis results in a standard form. Different significant thresholds ( -level) are used across the literature and we consider significant (highlighted in tables) any p-value smaller than 0.05.
Preliminary Analysis
The simplest way to answer our research question is to perform a one-tailed, paired t-test based on all students' scores when using UML+OCL and UML-Only. Table 3 shows that, OCL has a statistically significant impact for Comprehension, and though there is a (small) difference in the expected direction in terms of Maintenance scores, it is not statistically significant. In order to understand why this is the case, we analyzed whether or not learning effects could be responsible of blurring the effects of OCL 3 . We performed a one-tailed t-test (Table 4) to determine whether the difference between UML+OCL and UMLOnly scores is smaller when OCL was first used in Lab 2 (i.e., OCL was used the first time the task was performed, denoted as O_N) than in Lab 4 (i.e., OCL was used the second time the task was performed, denoted as N_O). Table 4 shows the mean differences (i.e., those are differences in percentages of maximum scores) between N_O and O_N, as well as one-tailed p-values. Table 4 suggests that the order in which OCL is applied has a significant effect on the difference between UML+OCL and UML-Only performances 4 . In other words, O_N students benefit less from OCL than N_O students. To us, this suggests that in the O_N case, another effect cancels the OCL effect whereas in the N_O case, it perhaps inflates it. That effect can only be learning effects as all other plausible effects have been controlled for (i.e., system, ability). For this reason, in the subsequent analysis steps, we analyze the data of each lab in an independent fashion so that we can expect students to have achieved a similar level of training and experience.
Laboratory 2 -Comprehension (C)
Results in Lab 2 for Comprehension only show a weak effect (p-value = 0.08 and E 2 =0.097) for Ability (Table 6 ). This is also visible in Table 5 and Figure 5 . It is interesting to note that all means in Table 5 , whether using OCL or not, are below 10. This means that less than 50% of the questions were answered correctly. As further discussed below, we interpret this data as a lack of training and familiarity with the task. Even trained, 4 th year engineering students are not used to handle large analysis models and documents of this kind of complexity. The course in which this experiment takes place is their first opportunity to do so. 
Laboratory 4 -Comprehension (C)
In Lab 4, the Comprehension results are dramatically different from Lab 2 ( Table 7 and Table 8 ). Both Ability and Method (OCL) have clearly a positive effect (p-value = 0.035 and 0.003, respectively) on people's capacity to answer questions about the system's logic, whether they have a low or high Ability (the interaction effect is not significant). The size effect of Method is E 2 =0.27, which is practically significant and even higher than the effect of Ability (E 2 =0.12). This result is further illustrated by Figure 6 , which shows that the effect of OCL is similar whether students have a low or high Ability.
The difference between Lab 2 and Lab 4 for Comprehension can be explained by comparing their questionnaire analysis results. The analysis of the survey questionnaire for Lab 4 is consistent with the ANOVA results: Subjects using OCL spent less time understanding the system (p-value=0.007, mean(OCL)=3.87 vs. mean(non-OCL)=2.86) and found the comprehension questions less difficult to answer (p-value=0.00003, mean(OCL)=3.5 vs. mean(non-OCL)=1.92). Note that these results were not observed in the questionnaire data of Lab 2 where no question led to significantly different scores between the OCL and non-OCL groups.
Furthermore, the number of questions correctly answered is significantly higher for the OCL group, whether for low or high Ability students, in Lab 4 (10, 13) than in Lab 2 (7.1, 9.4) ( Figure 6 ): Using OCL increases, on average, by 46% and 43% the number of correct answers for high and low Ability students, respectively.
These results suggests that in Lab 4 people were better prepared to use and take advantage of OCL expressions and better understood how to analyze UML documents to answer questions. This can only be explained by the fact they had additional time to mature their understanding of OCL/UML and the task to be performed It cannot be the result of a difference in skills or system, as these factors were controlled for in our design. In short, the differences between Lab 4 and Lab 2 are due to learning effects with respect to both the task and modeling skills, though we believe the former was far stronger. 
Laboratory 2 -Maintenance (M)
Like for Comprehension, OCL does not have any effect in Lab 2 (Table 10, Figure 7) . What is different though, is that Ability does not have any significant effect either. Results also show that on average, like Comprehension, only 30% of change impacts are correctly identified (Table 9 ). This is clearly another indication that, despite their training and many courses, they are not yet fully prepared for the task at hand, on documents of such scale and complexity. This may be a reason why we do not see any effect at all for Ability and Method. (Table 12) show that both Ability and Method (OCL) have a significant impact (pvalue=0.006 and 0.029, respectively). The ANOVA results do not show a significant interaction effect though Figure 8 seems to indicate that the effect of OCL is stronger for low Ability students than for high ones (It increases, on average, by 122% and 13.3% the number of correct answers, respectively). The size effect of the impact of Ability and Method are E 2 =0.22 and E 2 =0.13, respectively. So we see that the impact of OCL is still practically significant as it represents 60% of the impact of Ability. As for comprehension, the differences in results between Lab 2 and Lab 4 are partly explained by the questionnaire analysis that was presented in Section 3.3 5 : Subjects in the OCL groups spent less time to understand the system. In addition, subjects also found the maintenance task easier to complete (p-value=0.006 with mean(lab2)=2.8 and mean(lab4)=2). Subjects in Lab 4 had less difficulty answering questions (p-value=0.011 with mean(lab2)=3.1 and mean(lab4)=2.55) and perceived OCL as more helpful (p-value=0.036 with mean(lab2)=3.23 and mean(lab4)=2.5)). Note that such results were not observed in the Lab 2 questionnaires. 
Discussion of results
Before focusing on the results per se, let us discuss the variation in number of participants across labs. As it is the case in many controlled experiments, not all subjects have participated to all labs and, as a result, for each dependent variable, we observe a loss in the number of subjects. However, the losses for Maintenance and Comprehension tasks are small (3 and 4 subjects were lost, respectively). This is, however, a potential threat to validity but, fortunately, the proportion of subjects across Method and Ability categories remain very similar (as shown in descriptive statistics tables) and there is therefore no reason to consider the results have been affected. This is also confirmed when looking more closely at the distributions of grades on which Ability is based.
One common trend across all laboratories and tasks was that there was a strong learning effect between the student's first attempt at a task and the second one. This was expected as, despite their intensive training in UML and OCL, performing inspections or answering questions about a 40 pages UML model (including OCL expressions) turned out to be very different from classroom exercises. In other words, students got trained in using OCL in larger, more complex UML models.
In Lab 4, once the initial learning curve completed, there is clearly a significant, positive effect of OCL on students' capability to answer questions about the system logic, and perform impact analysis. ANOVA results show the effect of OCL is simply additive to that of student ability, though for Maintenance results a larger sample might have provided a significant interaction effect. It further suggests that the effects of OCL are statistically and practically significant: It explains between 13% and 27% of the variance by itself (E 2 ). It increases the number of correctly answered comprehension questions by more than 40%, and the impact analysis completeness by 13% and 122%, for high and low ability students. These results are also supported by our survey data, bringing insight into the reasons for the impact of OCL.
The results of this study clearly show that OCL, as a constraint language complementary to UML, can be useful in helping people understand models and in facilitating the change of such models. However, the interaction of modeling ability with this effect needs to be further studied and understood (as suggested by the Maintenance results). Furthermore, gains in using OCL can only be observed if people have sufficient training and have a minimum experience in using real-scale UML models. That training was substantial for the students that took part in this experiment. Though they do not have the experience of many software professionals, it is our observation that their UML and OCL training was much more thorough than most software engineers in industry. Our results suggest that people will only benefit from using more precise modeling through the use of OCL once they receive a much more extensive training, in both UML and OCL, than what they typically have in the current state of practice.
Conclusions
This paper investigates an important methodological aspect of the use of the Unified Modeling Language (UML) [2] for OO Analysis and Design: Whether or not, the Object Constraint Language (OCL) [18] , which is part of the UML standard, should be used to augment the precision of models. Though in the specific context of UML, this question is very much akin to the ongoing debate about the required level of formalism and precision in software development [16, 17] .
In order to investigate this question we performed an experiment with 4 th year software/computer engineering students who received a very thorough training in UML and OCL. This experiment looked at the impact of using OCL on two variables capturing the capability to: (1) answer questions about the underlying logic of the system and (2) perform an impact analysis of changes using the UML model. The experiment design was defined so as to prevent confounding effects from the widely varying ability of students to use models and the different characteristics of the two systems we use. It was important to ensure the internal validity of our controlled experiment by making sure the trends we observe are due to OCL and not another extraneous factor.
Results show that OCL has a positive impact on the two abovementioned variables. That impact is both statistically and practically significant. The fact that we see an effect is one thing but, more interestingly, that effect can be very large (e.g., up to a 122% increase for maintenance). This then suggests that the cost-benefit of using OCL is worth investigating further in industrial settings, especially considering that OCL is also potentially beneficial for other reasons not investigated here, e.g., its impact on the quality of the resulting implementation. However, the above results were only observed the second time students performed the tasks. In other words, we observed a learning effect while running the experiment which was also confirmed by the data of the survey questionnaires we distributed after each lab. This was in fact to be expected as, though the students had an in-depth UML and OCL training, they did not have much experience with documents of the level of complexity exhibited in the UML models that were used in the experiment. They also had little experience with respect to the specifics of the tasks to be performed.
To conclude, the results of our experiment showed that OCL had the potential to significantly improve people's ability to inspect and modify UML models, but that this required significant training and experience. This later result is not so surprising as it is often the case that new methodologies or technologies take substantial time to assimilate before they start paying off [15] . From a practical perspective, this means that it is unlikely that people will benefit from using OCL in UML models unless they have proper training. Based on our personal observations, this required level of training is much more substantial than what is typically observed across the software industry. This is, however, likely to change over time as new software engineering graduates permeate software development organizations and as the UML standard gets a firmer penetration.
A replication of this experiment has been performed and data is currently being analyzed. Further experiments are planned as, in this paper, we only investigated a partial aspect of the impact of OCL on UML-based software development. Further studies are necessary to investigate, for instance, the impact of using OCL on the source code quality in subsequent development phases or how it supports testing activities [3] .
